Introduction
Soon after human immunodeficiency virus type 1 (HIV-1) was discussed as the causative agent of AIDS, its remarkable genetic variability evoked intense interest. The largest amount of variability, a difference in the surface coding portion of the env gene of up to 35 %, emerged from the initial comparison of genetic sequences of HIV-1 viruses obtained from North American and European patients with sequences from African individuals (Alizon et al., 1986 ; Benn et al., 1985 ; Shaw et al., 1984) . Notable but less dramatic variability was observed among virus isolates from individuals in a single geographical locale (Starcich et al., 1986 ; Wong-Staal et al., 1985) . Within individual patients, the diversity can reach 15 % , but the distinguishable viral variants, or quasispecies, detected during the course of infection are highly related.
Several factors contribute to the generation of new HIV variants. One is the error-prone nature of the viral reverse transcriptase (RT), which lacks proofreading functions and causes nucleotide substitutions, deletions and insertions Author for correspondence : Marion Cornelissen.
Fax j31 20 5669062. e-mail M.I.Cornelissen!amc.uva.nl (Mansky & Temin, 1996) . A second factor is the high rate of virus production and the large number of replication cycles (Coffin, 1995) . The third factor is the rapid selection for viruses of distinct fitness due to the immune pressure, coreceptor selection and\or effective antiviral drugs encountered in the infected individual. The clearest example of positive selection is the appearance, within weeks of the onset of monotherapy, of mutant viruses with reduced susceptibility to the drug administered (Schuurman et al., 1995 ; Wei et al., 1995) . Recombination has been described as another factor that contributes significantly to HIV-1 diversity (Cornelissen et al. 1996 ; Leitner et al., 1995 ; Robertson et al., 1995) .
Based on new criteria for defining subtypes of HIV-1 (Korber et al., 1998) , strains can be divided into eight ' pure ' subtypes (A-D, F-H, J) and various circulating recombinant forms (CRFs). The subtype formerly known as E is now called CRF AE. The subtype G reference sequences show an intermediate relationship to subtype A in regions of pol, vif and env. Some have suggested that the G viruses are actually recombinant with subtype A in these regions (Gao et al., 1998) and should be called CRF GA. Others, however, have been unable to convincingly demonstrate a recombinant nature for the G viruses (Carr et al., 1998) . To solve this issue completely more subtype G viruses need to be identified and sequenced. Therefore, the objective of this study was to identify new subtype G viruses and AG recombinant forms of epidemic importance.
Methods
Samples. The first subtype G samples to be identified came from HIV-1-infected individuals living in Zaire (Louwagie et al., 1993) , Gabon (Janssens et al., 1994) and Nigeria (Abimiku et al., 1994) . To obtain a unique set of new subtype G samples, we collected serum from immigrants to the Netherlands of African origin, who were assumed to have been infected in their home country. Samples were collected from individuals, known or suspected to be infected with an African HIV-1 strain, who had been identified by the epidemiological investigation to which every newly diagnosed HIV case is subjected at the Amsterdam Medical Centre clinic. We selected 34 serum samples and, only if all three RT-PCR amplifications were positive, did we proceed by sequencing the gag gene. In total, 28 serum samples were analysed by sequencing : 13 Table 1 . Genetic subtyping of HIV-1 in samples collected from African immigrants
Mozambique D    * Samples are named according to UNAIDS nomenclature denoting the year of sampling, the country of origin (two-letter code) and the patient number. † Geographical locales, countries of origin. ‡ 3hP24-P6 RT-PCR product encoding the information for the P7 and P6 peptides and the spacer peptides P2 and P1. , Not determined because of selection criteria (see Methods).
from Ghana, two from Cameroon, two from Liberia, two from Rwanda and one each from Angola, Kenya, Mozambique, Nigeria, Somalia, Tanzania, Zaire and Zambia. One serum sample was collected from a Caribbean individual and found to have a subtype G V3 sequence. The samples are listed (Table 1) according to UNAIDS nomenclature denoting the year of sampling, the country of origin (two-letter code) and the patient number (Korber et al., 1994) . For example, 94GH10 denotes serum samples collected in 1994 (94) from an individual from Ghana (GH) whose patient number is 10. PCR. Nucleic acids were isolated by the procedure described by Boom et al. (1990) using 200 µl serum. The primer positions and RTconditions employed in the various PCRs were identical to those described previously for gag (Cornelissen et al., 1996) , pol (Cornelissen et al., 1997) , and env and MS2 (Cornelissen et al., 1995) A new RT-PCR was developed to identify the crossover sites of 22 isolates characterized as A, G or AG. The resulting PCR product contained the coding information for the 3hend P24, P7 and P6 peptides, the spacer peptide sequences P2 and P1, and five proteolytic cleavage sites. Moreover, this fragment had a 49 nt overlap with the gag sequences and a 49 nt overlap with the protease sequences, resulting in a large contiguous sequence of 2600 nt. From stored samples of isolated nucleic acids, 10 µl volumes were used in the RT reaction with an antisense primer (5h TAATACTGTATCATCTGCTCCT, 3h HxB2 positions 2329-2350). This primer is located in the protease part of the pol gene. After incubation of the mixture for 45 min at 42 mC, we added a PCR mixture containing the sense primer (5h GGGGAAGTGACATAGCAG GAACTA, 3h HxB2 positions 1483-1506), PCR buffer, deoxynucleotide triphosphate, 2n0 mM MgCl # and 2 U of Taq polymerase (Perkin Elmer Cetus). This reaction mixture was subjected to 35 cycles of amplification in a type 9700 DNA thermal cycler (Perkin Elmer Cetus). A nested PCR was performed to obtain enough material for direct sequencing. To generate a fragment of 807 bp 1\20th of the first PCR product was amplified for 25 cycles with the sense primer (5h GATTTAGGTGACACTATAGTGGGAGAAATCTATAAAAGAT-GG, 3h HxB2 positions 1561-1583) and the antisense primer (5h TAATACGACTCACTATAGGGTACTGTGACAAGGGGTCGTTG-CCA, 3h HxB2 positions 2267-2290). The production of amplified material by all the different PCRs was verified by electrophoresis on 1 % agarose gels stained with ethidium bromide.
DNA sequencing. The PCR fragments were directly sequenced on both strands, as previously described (Cornelissen et al., 1997) . Alignment of the sequences was straightforward and was performed manually. Phylogenetic analyses were done by the neighbour-joining method as implemented in the MEGA program (Kumar et al., 1993) and the reliability of the trees was estimated by bootstrap replications. All statistical calculations were done with SPSS\PCj software (version 5.0 ; SPSS Inc.).
Bootscanning. To identify recombination breakpoints we used the bootscanning method as implemented in the SIMPLOT program for Microsoft Windows. In this program, a panel of reference sequences is moved across the query sequence (Ray, 1999) . Our bootscan analyses were done with a window of 300 bp moving along the alignment in increments of 20 bp. We evaluated 100 replicates generated by the bootstrap resampling for each phylogeny, plotting the percent bootstrap values of the query sequence with the sequence from the reference panel.
Results

gag sequence analysis
The geographical distribution of the different genetic subtypes of HIV is very heterogeneous. Subtype A is the most prevalent subtype in Africa, although subtype G has been documented in many West and Central African countries (Janssens et al., 1997) . We selected serum samples obtained from African immigrants to the Netherlands who were born and raised in countries with documented cocirculation of subtypes A and G. To minimize our sequence work, we started with gag sequences to identify the A and G samples and further analysed only these two subtypes by sequencing the env and pol PCR products (see Methods). Fig. 1 shows the neighbour-joining tree generated with gag sequences and compared with a set of reference sequences. In this phylogenetic tree, several major groups of related sequences were easily discernible and corresponded to HIV-1 subtypes A, B, C, D and G (bootstrap value 98-100). Most strains from our African sample collection belong to subtype A (n l 18), but we also identified four gag sequences of subtype G, three of subtype C, one of subtype B and two of subtype D. The presence of mainly non-B subtypes among individuals originating from HIV endemic areas has been reported previously (Alaeus et al., 1997 ; Clewly et al., 1996 ; Franzen et al., 1996 ; Op de Coul et al., 1998) . One individual carried subtype B (92RW44), and since this subtype dominates in Europe he had probably been infected after his arrival in the Netherlands.
Within the major subtype A group, four sequence clusters (Fig. 1, depicted A, Ah, AE and AG) could be observed, all four supported by a significant bootstrap value (83-100 %). The Central African samples, Rwanda and Uganda, represent a distinct group of the subtype A family, named A. The Thai AE sequences were included as references. Since not one virus from our African collection clustered with this group, it is highly unlikely that any of our serum samples harboured CRF AE viruses. Another distinct subcluster of 14 samples (bootstrap value 97 %, Fig. 1 , AG) was most closely related to the DJ258 sequences (Louwagie et al., 1993) from Djibouti and the IbNG sequences from Nigeria , now called CRF AG (IbNG). The last distinct subcluster of subtype A is represented by three gag sequences : two from Ghana and one from Nigeria (Fig. 1, Ah) . Four samples from our African collection were closely associated with subtype G.
env sequences
Only the gag subtype A family (n l 18) and the four gag subtype G samples were analysed by sequencing the env V3 region and a large part of the pol gene. Fig. 2 (a) shows a neighbour-joining tree of the env V3 region sequence fragments (about 276 nt). Based on the report of Hilles & Bull (1993) in which bootstrap proportions of 75 % correspond, in Gag tree Fig. 1 . Results of phylogenetic analysis of the gag gene (729 nt) sequences by the neighbour-joining method [implemented as part of the MEGA program (Kumar et al., 1993) ] from 28 serum samples collected from individuals known or suspected to be infected with an HIV-1 strain originating in Africa (see Methods). Subtype-specific gag sequences taken from our previous work (Cornelissen et al., 1996) and from the Los Alamos database (Korber et al., 1997) were included as references in the analysis. These reference sequences are not denoted by the UNAIDS code (see Methods) but by their subtype designation. Values at nodes indicate the percentage of bootstraps in which the cluster to the right was found ; only values greater than 75 % are shown, because bootstrap values lower than 75 % correspond to a probability of less than 95 % that the clade is true (Hillis & Bull, 1993) . Brackets at the right indicate the major sequences subtypes.
most situations, to a probability of 95 % that the corresponding clade is genuine, there are four established subtypes : subtype A, G, B, D and one CRF AE. Among our samples the high bootstrap value of the subtype G (bootstrap value 98 %) and subtype A clades (bootstrap value 89 %) strongly indicated that they were indeed true clades. Within the subtype A family we observed two distinct sequence clusters with bootstrap values of 88 % (AG) and 79 % (A), respectively. The latter was formed by the isolates from Central Africa, Uganda and Rwanda ; the former included our new African samples, mainly from Ghana, which were closely related to DJ258 and IbNG, the recently described CRF AG (IbNG). There is a high frequency of recombination events in the gag gene and\or discordant branching between the gag and env genes (Cornelissen et al., 1996) . Based on the phylogenetic analysis of the gag and env gene fragments, four strains had to be considered recombinants : 97NG18, 97GH19, 97GH22 and 94GH09 (A gag \G env ). Although 97NG18, 97GH19 and 97GH22 represented a true sequence A subcluster in the gag tree, in the env tree they were indistinguishable from the other subtype G genotypes.
pol sequences
To further investigate the subtype classification of the selected subtype A and G samples, we constructed phylogenetic neighbour-joining trees based on the protease gene and half of the RT gene (1176 nt) (Fig. 2 b) . Based on the position of the reference subtype G sequences, SE6165, the large distinct cluster in Fig. 2 (b) ( 96 % bootstrap value) can be identified as subtype G.
Surprisingly, this subtype G cluster showed three sequence clusters supported by significant bootstrap values. The major group (Fig. 2 b , AG bootstrap value 100 %) clustered together with IbNG and represented a large (n l 13) recombinant group : A gag \G pol \A env . To confirm the observed sequence relationship of IbNG and DJ258, we determined the pol sequences of DJ258. The phylogenetic pol tree showed a tight clustering of these two reference sequences. Two other sequence clusters were observed, one containing the newly identified recombinants 97NG18, 97GH19 and 97GH22 (A gag \G pol \G env ) (Fig. 2 b, Gh) and the other group clustering with SE6165 (Fig. 2 b, G) . The 94GH09 sequence fell into the large group of IbNG-related sequences. All phylogenetic analyses are summarized in Table 1 . Taken together, the phylogenetic analyses demonstrated that we have identified different AG mosaic forms -A gag \G pol \A env (n l 13) and A gag \G pol \G env (n l 4) -in addition to ' pure ' subtypes G gag \G pol \G env (n l 4) and A gag \A pol \A env (n l 1) viruses. Each group represents a distinct monophyletic group, as indicated by the significantly high bootstrap values in the different genome fragment analyses (Figs 1 and 2) .
Identification of crossover sites
The 13 strains of the major recombinant group, CRF AG (IbNG), have a recombination site between P24 and the start of Protease. To examine whether the four newly identified recombinants show the same structure as the large group, we developed a new RT-PCR followed by a direct sequence analysis. The sequences contained the coding information for the 3hend P24, P7 and P6 peptides, the spacer peptides P1 and P2, and five proteolytic cleavage sites. Moreover, they had a 49 nt overlap with the gag sequences and a 49 nt overlap with the protease sequences, resulting in a large contiguous sequence of 2600 nt (5h gag-half RT) from each individual sample.
Phylogenetic neighbour-joining trees based on various parts of gag and pol sequences were constructed to investigate the 22 newly derived A, G or AG sequences. Two patterns were observed (data not shown). Whereas IbNG-and DJ258-related sequences appeared to have a crossover site surrounding the gag\protease cleavage site, sequences 97NG18, 97GH19 and 97GH22 had a crossover site in the P24 part of the gag gene and an unidentified region in the RT part of the pol gene. The 97GH09 sequences showed high similarity with the large group of IbNG-and DJ258-related sequences. To identify the crossover sites more precisely, the sequences were analysed with the pprogram SIMPLOT, which implements bootscanning (see Methods). In these analyses a sliding window of 300 nt was moved across the aligned sequences in steps of 20 nt. The magnitude of the bootstrap values supporting the clustering of our AG recombinants with reference subtypes A, B, C, D, F, G, H and J was determined (data not shown). To determine whether the IbNG virus was truly a parental strain, we performed bootstrap plot analysis with IbNG, subtype C (C2220), subtype F (93Br020) and each member of the large mosaic group. Fig. 3 (b) shows an example, 95GH14, confirming the phylogenetic relationship between IbNG and this large group. The bootscan graph of sample 94GH09 was identical with this large group of recombinant (Fig. 3 c) viruses, confirming the observation from the phylogenetic tree analysis that the gag and pol sequences of 94GH09 were derived from FCA an IbNG AG CRF virus. The graphs for samples 97NG18, 97GH19 and 97GH22 were different from the previous two graphs, as shown in Fig. 3 (d) for subtype A (92UG37A), subtype C (C2220), subtype G (SE6165G) and query 97GH19. The bootscan plots for sequences 97NG18 and 97GH22 were similar (data not shown). This bootstrap profile (Fig. 3 d) clearly indicates a breakpoint in the gag region, resulting in an AG recombinant gag gene. For the RT gene the bootstrap profile shows an intermediate relationship in small regions (from nt 1650-2000 in Fig. 3 d) . This result confirmed the observation of the short fragment phylogenetic analysis.
With the precision attainable by the technique, common breakpoints for the CRF AG (IbNG) sequences were identified between 1400 and 1465 nt, counting the start codon ATG of gag as nt 1. This site is located near the Gag\Protease cleavage site and confirmed the published IbNG crossover points (Carr et al., 1998) . All our IbNG-related sequences showed similar crossover sites and an evolutionary linkage was observed in the phylogenetic analysis. This suggests that those sequences originated from a common ancestor. The crossover site of sample 94GH09 was identical with that of the IbNG-and DJ258-related sequences. Thus, its gag and pol regions appeared to derive from the same common ancestor as the recently identified IbNG family. The different phylogenetic position of the env sequence of 94GH09 (subtype G) (Figs 1 and 2 a) can be explained by the occurrence of another recombination event after the spread of this family.
The crossover site analysis of the three samples, 97NG18, 97GH19 and 97GH22, revealed identical crossover sites, one located at the C-terminal end of P24 and two in the 5hend of the RT gene, where an unidentified region was observed. Although sequence 97GH19 showed characteristics of subtype A in that region, the two other sequences, 97NG22 and 97NG18, could not be identified by comparison with all the reference sequences (data not shown). The similar crossover sites and unidentified regions at the same position suggest that these three viruses are derived from another common ancestor. The various AG mosaic structures observed in this study are depicted in Fig. 4 .
Discussion
In our study of the ongoing process of generation and selection of HIV-1 variants, we identified 13 samples belonging to the CRF AG (IbNG) family and four subtype G viruses. However, the apparently nonrecombinant subtype G strains may contain segments of different subtypes in their unsequenced regions.
The similarity between CRF AE viruses and CRF AG (IbNG) is striking throughout the genome. First, both are intersubtype recombinants of subtype A (AE and AG, respectively). Second, the AE viruses spread rapidly and largely through heterosexual transmission routes and the recently identified IbNG-like family appears to share these characteristics. It is widely distributed in West Africa (see Table 1 ) and we collected samples from individuals from Ghana, Liberia and Cameroon, but clearly the same phylogenetic behaviour was seen in isolates from Djibouti, Nigeria, Gabon, Co# te d 'Ivoire (Louwagie et al., 1993) and Senegal (unpublished data). The major transmission routes of HIV-1 in Africa are between heterosexuals and vertically from mother to child. Third, CRF AE viruses are highly related to each other at the genetic level, presumably reflecting a founder effect. The CRF AG (IbNG) viruses are also highly related to each other but with a higher degree of genetic divergence, which could be seen in the trees as larger branches. This difference between the subtype AE viruses and AG viruses can be explained by the different times at which they were introduced into the population. Serology and genetic analyses show that subtype AE viruses were introduced into the Thai population relatively late in the global epidemic, between 1988 and 1989 (Ou et al., 1993) . In contrast, seroepidemiological data from Central Africa suggest that although HIV and AIDS were rare and sporadic before the 1960s, HIV infection was clearly spreading during the 1970s. The sequence of ZR.59 from a sample obtained in the Democratic Republic of Congo in 1959 is the earliest known HIV-1 sequence (Zhu et al., 1998) . Phylogenetic analysis placed its origin very near the ancestral node of the B, D and F clades of the M group. IbNG itself was isolated in 1991 from the peripheral blood mononuclear cells of a 23-year-old blood donor from Ibadan, Nigeria Olaleye et al., 1996) . Other recombinant AG viruses from Central Africa were collected in the mid-1970s and 1980s, including Z321, isolated from a previously frozen serum sample obtained in 1976, and VI191, which was isolated in 1989 from a Belgian who may have acquired the virus while working in Zaire from 1979 to 1984 (Choi et al., 1997 ; Dube et al., 1994 ; Getchell et al., 1987) . Fourth, multiple points of recombination crossover sites have been identified in the AE viruses (Gao et al., 1996 ; Carr et al., 1996) and, importantly, all AE viruses show the same pattern of mosaics, indicating that they are derived from a common recombinant ancestor. Although only the gag, pol and env gene fragments of the AG group have been sequenced, all exhibited a crossover site near the Gag\Protease proteolytic cleavage site, strongly suggesting derivation from a common recombinant ancestor. This conclusion is confirmed by the fulllength genome sequencing of two Djibouti isolates (DJ263 and DJ264) (Carr et al., 1998) .
Our phylogenetic analysis of the gag and pol sequences of 94GH09 revealed this sample to be a true member of the CRF AG (IbNG) group. However, the env tree suggested that there had been a recombination event after the spread of this ancestor, with a crossover site (or sites) in the region between pol and env.
Finally, we have documented a new recombinant AG structure with alternating segments of subtype A and G in one strain from Nigeria (97NG18) and two from Ghana (97GH19 and 97GH22). These three samples shared similar variants in FCB gag and pol sequences, forming a distinct and significant sequence cluster within subtype A and G. However, we were unable to show that the env sequences were statistically more closely related to each other than to the other members of env subtype G. Three criteria should be fulfilled to define a new CRF. First, the isolates should have been found in at least two epidemiologically unlinked individuals. Strain 97NG18 was isolated from a Nigerian man, whereas the two other samples were isolated from individuals born a thousand miles away in Ghana. Second, they should resemble each other but no other existing CRF in their subtype structure. The third and most important criterion is that at least two isolates should be sequenced in their entirety. Thus, further investigations are needed to confirm if this group of three isolates represents a new CRF AG subtype. The identification of new unique recombinant viruses does not point to a major global epidemic. However, the identification of mosaic viruses, which spread from one location to another and can be associated with new outbreaks of epidemic, has important implications for HIV vaccine strategies.
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